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SERCA2 Dysfunction in Darier Disease Causes
Endoplasmic Reticulum Stress and Impaired
Cell-to-Cell Adhesion Strength: Rescue by Miglustat
Magali Savignac1,6, Marina Simon2,3,4,6, Anissa Edir2,3, Laure Guibbal2,3,4 and Alain Hovnanian2,3,4,5
Darier disease (DD) is a severe dominant genetic skin disorder characterized by the loss of cell-to-cell adhesion
and abnormal keratinization. The defective gene, ATP2A2, encodes sarco/endoplasmic reticulum (ER) Ca2þ -
ATPase isoform 2 (SERCA2), a Ca2þ -ATPase pump of the ER. Here we show that Darier keratinocytes (DKs) display
biochemical and morphological hallmarks of constitutive ER stress with increased sensitivity to ER stressors.
Desmosome and adherens junctions (AJs) displayed features of immature adhesion complexes: expression of
desmosomal cadherins (desmoglein 3 (Dsg3) and desmocollin 3 (Dsc3)) and desmoplakin was impaired at the
plasma membrane, as well as E-cadherin, b-, a-, and p120-catenin staining. Dsg3, Dsc3, and E-cadherin showed
perinuclear staining and co-immunostaining with ER markers, indicative of ER retention. Consistent with these
abnormalities, intercellular adhesion strength was reduced as shown by a dispase mechanical dissociation assay.
Exposure of normal keratinocytes to the SERCA2 inhibitor thapsigargin recapitulated these abnormalities,
supporting the role of loss of SERCA2 function in impaired desmosome and AJ formation. Remarkably, treatment
of DKs with the orphan drug Miglustat, a pharmacological chaperone, restored mature AJ and desmosome
formation, and improved adhesion strength. These results point to an important contribution of ER stress in DD
pathogenesis and provide the basis for future clinical evaluation of Miglustat in Darier patients.
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INTRODUCTION
Darier disease (DD) is a severe dominant genetic skin disease
characterized by the loss of cell-to-cell adhesion (acantholysis)
and abnormal keratinization (Burge and Hovnanian, 2011).
We previously identified ATP2A2 as the defective gene in DD
(Sakuntabhai et al., 1999). ATP2A2 encodes the sarco/endo-
plasmic reticulum (ER) Ca2þ -ATPase isoform 2 (SERCA2), a
calcium pump, which has a central role in Ca2þ homeostasis
of transporting Ca2þ from the cytosol to the ER lumen, to
maintain high Ca2þ concentrations in this organelle.
Functional studies of the ATP2A2 mutations identified in DD
have shown that they abolish Ca2þ transport by SERCA2,
leading to depleted ER Ca2þ stores in patient keratinocytes
(reviewed in Savignac et al., 2011). No animal model is
available for DD: atp2a2 knockout is lethal in mice and aged
atp2a2þ / mice develop squamous cell carcinomas but
no DD-like lesions (Liu et al., 2001). Therefore, Darier
keratinocytes (DKs) represent a unique model to explore the
mechanisms underlying DD physiopathology.
We and others previously showed defective desmoplakin
(DP) trafficking in DKs (Dhitavat et al., 2003; Hobbs et al.,
2011; Celli et al., 2012), implicating this linker molecule
between desmosomes and the keratin filament network, in
impaired adhesion in DD. One of the immediate cellular
responses of keratinocytes to extracellular Ca2þ increase
is the formation of adherens junctions (AJs): E-cadherin
associates with b-catenin in the ER before migration to the
plasma membrane (Perez-Moreno et al., 2003). Next, its
extracellular portion interacts with E-cadherin molecules at
the surface of neighboring cells, whereas its cytoplasmic tail
interacts with b-, a-, and p120-catenins to form the core
adhesive structure of the AJs and links E-cadherin to the actin
cytoskeleton (Pokutta and Weis, 2007; Niessen et al., 2011).
Secondarily, desmosome formation reinforces cell–cell adhe-
sion and has a crucial role in tissue adhesion strength
and resistance to mechanical stress (Getsios et al., 2004).
Desmosomes comprise transmembrane cadherins, desmo-
gleins (Dsgs), and desmocollins (Dscs) that interact with
members of the armadillo family including plakoglobin and
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the plakophilins, which in turn bind to DP, a major plaque
protein linked to the keratin intermediate filament cytoske-
leton (Jamora and Fuchs, 2002; Green and Simpson, 2007;
Garrod and Chidgey, 2008). Desmosomal cadherins are
constitutively synthesized and transported to the plasma
membrane in response to cell–cell contact, in which they
stabilize and cluster in conjunction with plaque proteins
(Jamora and Fuchs, 2002).
ER calcium stores are crucial for posttranslational proces-
sing, folding, and export of proteins associated to the plasma
membrane or secreted through it (Berridge et al., 2003).
Depletion of ER luminal Ca2þ leads to the accumulation of
misfolded proteins, preventing their trafficking to the plasma
membrane, and induces an ER stress response to rescue
protein misfolding (Yoshida, 2007). This response involves
PERK (protein kinase-like ER kinase) that phosphorylates eIF2a
to attenuate translation; ATF6 (activation of transcription
factor 6) that is transported to the Golgi apparatus and
cleaved by proteases resulting in nuclear translocation and
enhanced transcription of ER stress–responsive genes; and
IRE1 (inositol-requiring transmembrane kinase and endonu-
clease 1) that splices XBP1 pre-mRNA to mature XBP1 mRNA,
leading to the transcription of ER stress–responsive genes.
Here we show that DKs display a constitutive ER stress
response. We provide evidence that AJs and desmosomes are
immature, which results in decreased intercellular adhesion
strength. We show that the a-glucosidase inhibitor Miglustat
restores mature AJs and desmosomes in DKs and increases
adhesion strength.
RESULTS
DKs display a constitutive ER stress response
Decreased [Ca2þ ]ER (ER Ca
2þ concentration), a characteristic
feature of DKs (Dode et al., 2003; Foggia et al., 2006;
Miyauchi et al., 2006; Pani et al., 2006), triggers ER stress in
many cells (Ashby and Tepikin, 2001; Schroder and Kaufman,
2005). We show that DKs in culture display increased eIF2a
and IRE1 phosphorylation in the absence of exogenous
stressor as compared with normal keratinocytes (NKs),
indicative of a constitutive ER stress (Figure 1a and b, time
0). After exposure to thapsigargin (TG), a highly specific
inhibitor of SERCA pumps (Thastrup et al., 1989), phospho-
eIF2a and phospho-IRE1 levels were enhanced in DKs to a
higher extent than they were in NKs (Figure 1a and b; 2- to
3-fold in DKs and 1.5-fold in NKs for phospho-eIF2a).
Consistently, the spliced active form of XBP1 mRNA was
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Figure 1. Endoplasmic reticulum (ER) stress response is increased in Darier keratinocytes (DKs) in basal conditions and after induction by thapsigargin (TG).
Keratinocytes were grown in 1.2 mM calcium (Ca2þ ) and exposed to TG (1mM). Immunoblotting analysis using phospho-eIF2a and total-eIF2a (a), phospho-IRE1
(inositol-requiring transmembrane kinase and endonuclease 1), and total-IRE1 (b). Reverse-transcriptase–PCR for Xbp1 mRNA (c). Phosphoglycerokinase (PGK)
was used as a loading control. a to c are representative of three independent experiments performed with five DKs. (d) Immunofluoresence of Calnexin, ERGIC-53,
GM130, and TGN46 in keratinocytes grown in 1.2 mM Ca2þ for 4 hours. Bar¼20mm. (e) Quantification of intracellular compartment volumes. Numbers in
brackets correspond to the number of cells analyzed for quantification. **Po0.01 and ***Po0.001.
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increased in DKs compared with NKs, after TG treatment
(Figure 1c). These ER stress markers were enhanced in DKs
from the five patients who were studied (D1 to D5; Figure 1
and data not shown).
ER stress has been shown to induce morphological changes
of the intracellular compartments in different cell types
(Schroder and Kaufman, 2005; Amodio et al., 2009). Immuno-
staining for specific markers calnexin, ERGIC-53, GM130, and
TGN46 showed, respectively, that the ER, ERGIC (ER–Golgi
intermediate compartment), cis-Golgi, and trans-Golgi
compartments were strictly localized to a perinuclear zone
in NKs (Figure 1d and Supplementary Figure S1 online). In
contrast, calnexin staining was diffuse all over the cytoplasm
in DKs (Figure 1d and Supplementary Figure S1 online).
Specific staining for each post-ER compartment also revealed
spots dispersed throughout the cytoplasm, indicating their
fragmentation (Figure 1d and Supplementary Figure S1
online). Quantitative measurements showed a significant
increase in volumes of each compartment (Figure 1e).
Together, these data show that DKs display biochemical
and morphological hallmarks of ER stress response under
stressor-free conditions.
Ca2þ -induced AJ formation is impaired in DKs
The presence of a constitutive ER stress in DKs is likely to alter
important ER functions, such as folding of secretory and
(trans)membrane proteins (reviewed in Schroder and
Kaufman, 2005). Acantholysis being the main histological
feature in Darier skin lesions, we first investigated the
localization of AJ components, which are addressed to the
plasma membrane during the earliest cellular responses to
Ca2þ increase leading to cellular adhesion. Under low-
calcium conditions (0.06 mM), E-cadherin, b-, a-, and p120-
catenin proteins were diffusely distributed in the cytoplasm in
NKs and DKs (Supplementary Figure S2 online). After 4 hours
in high-calcium medium (1.2 mM), E-cadherin and catenin
molecules relocated to the plasma membrane in NKs, with a
thin staining around the cellular periphery, forming a con-
tinuous belt along cell–cell boundaries (Figure 2a and b and
Supplementary Figure S3a and b online). In contrast, a
punctuated pattern of all AJ proteins was detected at the
cell–cell boundaries of DK, with abnormal organization of
E-cadherin in strands arranged perpendicularly or at different
angles to the cell edge (Figure 2a and b and Supplementary
Figure S3a and b online). F-actin filaments appeared as thin
cortical bundles underneath and parallel to the plasma
membrane in NKs, whereas they formed thick and disorga-
nized bundles in DKs (Figure 2b and Supplementary Figure
S3b online). Surface biotinylation assays showed decreased
E-cadherin expression at the plasma membrane in DKs
(Figure 2c). These findings provide evidence for incorrect
localization of AJ components, revealing abnormal formation
of these early adhesion structures in DKs.
Immunoblotting analyses revealed expression levels of each
AJ protein similar to controls (data not shown), suggesting that
abnormal AJ formation in DKs is not a consequence of the
reduced expression of AJ components. Of note, 4 hours after
exposure to 1.2 mM of Ca2þ (time required for AJ formation),
phospho-eIF2a was increased in DKs compared with NKs
(data not shown). Thus, decrease in Ca2þ -induced AJ forma-
tion correlates with enhanced ER stress response in DKs.
Desmosome formation and intercellular adhesion strength are
impaired in DKs
Previously, we and others showed impaired DP trafficking
in DKs and in NKs treated by pharmacological or genetic
inhibitors of SERCA2 in culture (Dhitavat et al., 2003; Hobbs
et al., 2011; Celli et al., 2012). Here we confirm that DP
staining, in DKs, is thick with DP particles that are farther
apart from one another and abnormally organized in strands
perpendicular to the cell edge (Figure 2d and Supplementary
Figure S3c online). Moreover, Dsg3 and Dsc3, which are
expressed in the basal and suprabasal layers of the epidermis,
in which acantholytic lesions occur in DD skin, displayed a
thicker and punctuated staining pattern underneath the plasma
membrane in DKs compared with NKs (Figure 2d and
Supplementary Figure S3c online). Noticeably, a perinuclear
staining of Dsg3 and Dsc3 was seen in DKs, suggesting their
retention in the ER (Figure 2d and Supplementary Figure S3c
online).
Moreover, dispase dissociation assay showed that a greater
number of fragments (3- to 5-fold increase) was counted in
DKs compared with NKs, demonstrating impaired intercellular
adhesive strength in DKs (Figure 2e).
TG inhibits desmosome and AJ formation in NKs
To test whether SERCA2 loss of function is sufficient to induce
defective AJ and desmosome assembly, we treated NKs with
TG to specifically inhibit SERCA pumps. TG induced an
enlargement of the ER compartment with a 2-fold increase
of ER volume in TG-treated NKs compared with untreated NKs
(Figure 3a). Immunofluorescence analysis of AJ and desmo-
some components in TG-pretreated NKs cultured in 1.2 mM
Ca2þ revealed similar abnormalities as those in DKs: E-cad-
herin, catenins, DP, and Dsg3 were organized into strands
arranged at an angle with the cell edge, with a punctuated
staining at the cell–cell boundaries (Figure 3b and c and
Supplementary Figure S4 online), and the F-actin network
appeared disorganized in the cytosol (Figure 3b and Supple-
mentary Figure S4a online). Dsc3 staining was lost in
TG-treated NKs compared with NKs (data not shown), as
previously described (Hakuno et al., 2000). These results were
consistent with ER spreading and the defective AJ and desmo-
some formation observed in DKs being a consequence of
SERCA2 loss of function.
b-Catenin is able to localize to the plasma membrane in DKs
Synthesized E-cadherin requires b-catenin binding to facilitate
its transport out of the ER to the plasma membrane (Chen
et al., 1999). To investigate whether the defect in AJ formation
is caused by a lack of b-catenin recruitment to the plasma
membrane, we expressed an E-cadherin mutant targeted to the
plasma membrane independently of b-catenin binding
(Fukumoto et al., 2008). NKs and DKs were transduced with
viral particles (MSCV-EcadM-GFP) encoding this E-cadherin
mutant, under low-calcium conditions to prevent plasma
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membrane localization of endogenous E-cadherin. We
observed in both cell types a thin, pericellular staining of
E-cadherin mutant at the plasma membrane (Supplementary
Figure S5a online), in addition to a cytosolic fraction as
previously reported (Fukumoto et al., 2008). Interestingly,
b-catenin relocalized to the plasma membrane in DKs as
observed in NKs (Supplementary Figure S5b online), suggest-
ing that the expression of the E-cadherin mutant stabilized
b-catenin expression (Supplementary Figure S5b online vs.
Supplementary Figure S5d online), as previously described by
Wheelock’s group (Fukumoto et al., 2008). NKs and DKs
transduced with a control MSCV-IRES-GFP vector, expressing
GFP (green fluorescent protein) alone, showed neither
E-cadherin staining nor b-catenin relocalization to the plasma
membrane under low-calcium conditions (Supplementary
Figure S5c and d online). These results excluded an intrinsic
defect of b-catenin in AJ formation in DKs.
E-cadherin and desmosomal cadherins are retained in the ER in
DKs and in TG-treated NKs
By using an antibody against the intracellular region of
E-cadherin, we confirmed the thick and punctuated staining
of this molecule at the plasma membrane in DKs and in
TG-treated NKs compared with NKs (Figure 4a and Supple-
mentary Figure S6a online). In addition, we observed peri-
nuclear staining of E-cadherin in DKs and in TG-treated NKs
when compared with NKs (Figure 4a and Supplementary
Figure S6a online), as seen for Dsg3 and Dsc3 (Figure 2c
and Supplementary Figure S3c online), suggesting intracellular
retention of these molecules.
Co-immunofluorescence of E-cadherin, Dsg3, or Dsc3 with
calnexin, an ER marker, demonstrated a significant increase of
colocalization signals in DKs compared with NKs (Figure 4).
Similar results for E-cadherin and Dsg3 were obtained in
TG-treated NKs compared with NKs (Supplementary Figure S6
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Figure 2. Adherens junction (AJ) and desmosome formation is impaired, and adhesion strength is reduced in Darier keratinocytes (DKs). The formation of
cell–cell contacts was induced by 1.2 mM Ca2þ for 4 and 6 hours to induce AJ and desmosome formation, respectively. Immunofluorescence of E-cadherin
(extracellular domain of E-cadherin, EcadM) (a), b-, a-, p120-catenins, and E-cadherin (green)/F-actin (red) (b), and desmoplakin (DP), desmoglein 3 (Dsg3),
and desmocollin 3 (Dsc3) (d). The arrows indicate intercellular space and arrowheads indicate perinuclear staining. Bar¼ 20mm. The results are representative of
three independent experiments. (c) Surface biotinylation assay. The graph shows the intensity of E-cadherin bands. (e) Dispase mechanical dissociation assay.
The graphs represent the meanþ SEM from three independent experiments. *Po0.05.
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online). E-cadherin colocalized with GM130, a marker of cis-
Golgi (data not shown), to a lesser extent than it did with
calnexin in DKs and in TG-treated NKs.
Miglustat restores mature AJ, desmosome formation, and
intercellular adhesion strength in DKs
The pharmacologic chaperone Miglustat (N-butyldeoxynojir-
imycin, Zavesca) is an a-glucosidase inhibitor, which has
been proposed for clinical use in cystic fibrosis due to its
capacity to correct defective trafficking of DF508-CFTR (Norez
et al., 2006). Remarkably, treatment of DK with Miglustat
restored a narrow, intense, continuous pericellular staining of
all AJs and desmosomal proteins in DKs (Figure 5a and b and
Supplementary Figure S7a–d online), similar to NKs (Figure 2).
In contrast, its inactive analog (NB-DGJ) had no effect on
E-cadherin localization (Figure 5c), supporting Miglustat spe-
cificity. Surface biotinylation assays confirmed the presence of
a higher amount of E-cadherin at the plasma membrane
following Miglustat treatment (Figure 5d and Supplementary
Figure S7e online). Moreover, dispase dissociation assay
showed that Miglustat-treated DKs were less susceptible to
mechanical dissociation than were untreated DKs (Figure 5e).
Altogether, these results provided evidence that Miglustat
restored desmosome and AJ formation, and improved inter-
cellular adhesion strength in DKs. The effect of Miglustat was
observed reproducibly in keratinocytes from the five DD
patients who were studied.
DISCUSSION
This study demonstrates that DKs display a constitutive ER
stress response associated with defective AJ and desmosome
formation, and that treatment with the pharmacological
chaperone Miglustat restores both mature AJs and functional
desmosomes, resulting in increased intercellular adhesion
strength.
[Ca2þ ]ER has a key role in ER-related functions (Federovitch
et al., 2005), ER remodeling (Sammels et al., 2010), post-ER
compartment architecture (Amodio et al., 2009), and ER stress
response (Schroder and Kaufman, 2005). Here we show that
the loss of SERCA2 function from one mutated ATP2A2 allele
in DKs, which has previously been shown to induce a chronic
reduction of ER Ca2þ stores in DKs (Foggia et al., 2006; Pani
et al., 2006), is sufficient to induce a constitutive ER stress
under basal conditions, which is aggravated under stressor
conditions. This is consistent with a previous report describing
an enhanced expression of the ER stress molecules calreti-
culin, CHOP, and Bip in a DD patient keratinocyte in culture
following TG induction (Onozuka et al., 2006). Depletion of
Ca2þ ER stores in other cell types has been shown to induce
similar changes characteristic of ER stress (Shaffer et al., 2004).
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Recently, another mechanism by which the aggregation of
mutated SERCA2 pumps elicit ER stress has been proposed in
DD (Wang et al., 2011). However, these results were obtained
after high expression of transfected mutated SERCA2 pumps, a
model which is distinct from DKs in which the expression of
the endogenous mutated SERCA2 allele is often reduced (data
not shown; Foggia et al., 2006), with no evidence for protein
aggregation.
The demonstration of ER stress in DKs has important
implications for the understanding of DD pathogenesis. In
particular, DD runs a chronic relapsing course, with exacer-
bations by UVB irradiation, heat, friction, and infections. The
triggering factors could act as stressors by exacerbating
constitutive ER stress. Consistent with this notion, UVB
irradiation reduces ATP2A2 mRNA levels (Mayuzumi et al.,
2005) and induces an ER stress response (Mera et al., 2010).
Moreover, the presence of rounded keratinocytes (corps
ronds), which is a hallmark of DD and is thought to corres-
pond to apoptotic cells, may result from uncontrolled ER stress
response leading to apoptosis. Finally, ER stress induced by
Ca2þ depletion has been shown to control differentiation
through XBP1 activation in TG-treated NKs (Celli et al., 2011),
suggesting that excessive ER stress could contribute to
abnormal differentiation in DD.
Desmosomal defects have long been described in DD, for
which acantholysis leading to suprabasal clefts is a diagnostic
feature (Burge and Garrod, 1991; Burge and Hovnanian,
2011). Impaired DP trafficking has been reported in DKs
and in TG- and SERCA2 siRNA–treated NKs (Dhitavat et al.,
2003; Hobbs et al., 2011; Celli et al., 2012). Here we show
that Dsg3 and Dsc3, which cooperate to form the adhesive
interface in the basal and suprabasal layers of the epidermis in
which cleavage occurs in DD (Garrod and Chidgey, 2008),
also displayed an abnormal pattern suggestive of immature
desmosomes. In contrast, Dsg1 and Dsc1, which are expressed
in more differentiated layers of the epidermis, showed normal
staining at the plasma membrane in DKs, whereas Dsg2 and
Dsc2 displayed an intermediate pattern compared with Dsg3
(data not shown).
As AJ formation is one of the earliest events following
the increase in [Ca2þ ]extra (Wheelock and Johnson, 2003),
we investigated the expression of AJ components in DKs.
The specific pattern of distribution of E-cadherin in two rows
of puncta at the edges of cell–cell contacts with actin filaments
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Figure 4. E-cadherin, desmoglein 3 (Dsg3), and desmocollin 3 (Dsc3) are retained in the endoplasmic reticulum (ER) in Darier keratinocytes (DKs).
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approaching initial cell contacts perpendicularly in DKs
corresponds to the first step of AJ formation and is typical of
immature AJs (Adams et al., 1996, 1998), providing evidence
that AJ formation is also affected in DKs.
The observation that TG-treated NKs recapitulated imma-
ture AJs and impaired desmosome formation (Stuart et al.,
1996; Dhitavat et al., 2003; Celli et al., 2012) indicates that
the loss of SERCA2 function is sufficient to cause abnormal
intercellular junctions. Moreover, we show that intercellular
adhesion strength is decreased in DKs, a key feature likely to
underlie acantholysis in DD patients. These results were
obtained after 24 hours in a high-calcium medium, demon-
strating that AJs and desmosomes in DKs are unable to mature
even after prolonged exposure to calcium.
Several lines of evidence support the conclusion that
immature AJ and desmosome formation in DKs is caused by
ER retention, leading to abnormal trafficking of E-cadherin,
Dsg3, and Dsc3 to the plasma membrane: (i) protein expres-
sion levels are comparable between DKs and NKs despite
reduced staining at the plasma membrane; (ii) E-cadherin,
Dsg3, and Dsc3 show intracellular retention with costaining
with ER components; (iii) endogenous b-catenin properly
relocates to the plasma membrane in the presence of an
E-cadherin mutant targeted to the membrane, thus excluding
an intrinsic defect of b-catenin; (iv) treatment of NKs with TG
recapitulates ER retention of these components, suggesting a
mechanism involving ER stress and unfolded protein response;
and (v) the effectiveness of Miglustat to reverse AJ and
desmosome component–trafficking abnormalities and to
restore cell–cell adhesion. Importantly, primary keratinocytes
from all Darier patients studied showed constitutive ER stress
and defective AJ and desmosome formation with impaired
adhesion strength, and displayed improvement after Miglustat
treatment. These observations suggest a shared disease
mechanism in DD.
Recently, Mauro’s group (Celli et al., 2012) has studied the
role of the shingolipid signaling pathway in TG-treated
and in SERCA2b siRNA-treated keratinocytes. Sphingosine
levels were enhanced, shingosine kinase 1 expression was
decreased, and inhibition of sphingosine lyase reversed
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abnormal E-cadherin and DP localization (Celli et al., 2012).
Another study by Green’s group (Hobbs et al., 2011) has
shown defective PKCa activity in a TG-treated cell line,
resulting in decreased intercellular adhesion strength. Although
the mechanisms by which the loss of SERCA2 function leads
to abnormal sphingolipid pathway and defective PKCa activity
remain to be determined, it is interesting to note that
sphingosine has been reported as being a potent inhibitor
of PKC (Hannun and Bell, 1989). These results reveal
pleiomorphic effects of the loss of SERCA2 function
on epithelial cell homeostasis and further illustrate the
complexity of intercrosses between different calcium
signaling pathways.
The current treatment for DD is not satisfactory and relies
mainly on the use of topical or oral retinoids, which are often
not well tolerated and are not fully effective (Burge, 1999).
Miglustat, a pharmacological chaperone known to allow
proper localization of mutated cystic fibrosis transmembrane
conductance regulator (CFTR) (Norez et al., 2006), restored
mature AJ and desmosome formation, and increased
intercellular adhesion strength in DKs. In cystic fibrosis,
Miglustat prevents the interaction between DF508-CFTR and
calnexin, a Ca2þ -dependent ER chaperone protein, enabling a
functional DF508-CFTR to reach the plasma membrane
(Norez et al., 2006). Binding of glycosylated proteins to
calnexin is a general mechanism involved in the quality-
control system for protein folding in the ER. As Miglustat did
not reduce the ER stress response (ER expansion and eif2a
phosphorylation were unchanged, data not shown), it is thus
possible that calnexin, or another Ca2þ -dependent lectin
molecule, is involved in the quality control of E-cadherin,
Dsg3, and Dsc3. Screening and testing of drugs that allow
adhesion molecules to escape from unfolded protein response
becomes a possible field of investigation for the development
of treatment for DD.
In conclusion, this work identifies Ca2þ depletion–induced
ER stress as an important determinant of DD pathogenesis and
suggests classifying DD as an ER stress-related disease. The
observation that Miglustat is able to restore proper localization
to the plasma membrane of nonmutated proteins retained in
the ER supports a misfolding mechanism and provides a
therapeutic option. Miglustat is an orally active orphan drug
(Zavzesca), already successfully used in clinical trials for
Gaucher disease and cystic fibrosis (Cox et al., 2003; Norez
et al., 2006). Our findings therefore provide the basis for future
clinical evaluation of Miglustat in Darier patients.
MATERIALS AND METHODS
DD patients and molecular diagnostic
All clinical samples were obtained with informed written consent and
in adherence to the Declaration of Helsinki Principles. Genomic
DNA was isolated from venous blood. The five Darier patients (D1 to
D5) were screened for mutations in the ATP2A2 gene by sequencing
the 21 exons and flanking splice sites of ATP2A2. ATP2A2 mutations
identified at the heterozygous state are recapitulated in Supple-
mentary Table S1 online and in Supplementary Data online. In this
study, keratinocytes from these five DD patients were compared with
NKs from six matched healthy controls.
Cell culture
Biopsies from Darier patients were taken from the unaffected
(perilesional) skin of the groin. Control biopsies of normal skin
(surgical skin margins from similar locations) were obtained from
five age- and sex-matched controls. Four-millimeter punch biopsies
were explanted to isolate primary keratinocytes. Keratinocytes were
grown in Green medium on a feeder layer of lethally irradiated mouse
3T3-J2 fibroblasts as described previously (Barrandon and Green,
1987; Rochat et al., 1994). For experiments, keratinocytes were
grown in 0.06 mM CaCl2 EpiLife medium (Invitrogen, Cergy Pontoise,
France) to 60–80% confluence and then incubated in 1.2 mM CaCl2
EpiLife medium for 4 and 6 hours to induce AJ and desmosome
formation, respectively. Experiments were performed at comparable
passages between NKs and DKs.
Treatments with drugs
For ER stress induction, keratinocytes grown in 1.2 mM Ca2þ medium
were incubated with TG (Sigma, St Louis, MO) at 1mM for different time
periods. For SERCA pump inhibition in NKs, keratinocytes were
pretreated with 100 nM of TG for 30 minutes in 0.06 mM Ca2þ medium.
Medium was removed and cells were incubated in 1.2 mM Ca2þ
medium for an additional 4 hours to induce the formation of cell–cell
contacts. For chaperone molecule treatment, keratinocytes at con-
fluency were pretreated with Miglustat and its inactive imino-sugar
analog (NB-DGJ, 500mM) for 24 hours before changing the medium for
1.2 mM Ca2þ medium. Results shown in this article were obtained with
500mM Miglustat, a concentration at which all cells present a polygonal
phenotype, with no sign of toxicity. Increased plasma membrane
localization of E-cadherin was also observed at lower concentrations of
Miglustat (100mM), although in a limited number of cells.
Immunofluorescence
Keratinocytes were cultured on coverslips, fixed with 4% parafor-
maldehyde, and permeabilized with 0.2% TritonX-100. For DP
staining, keratinocytes were fixed and permeabilized in ice-cold
methanol. Cells were stained with primary antibodies (Supplementary
Table S2 online). Coverslips were examined using a Zeiss LSM 710
confocal microscope with a 40 Plan-Apochromat objective (1.3 oil) or
a 63 Plan-Apochromat objective (1.4 oil), together with a  2 zoom
(Carl Zeiss, Jena, Germany). In figures, Z-stacks were processed as
maximal projections except for colocalization with calnexin. The
quantification of intracellular compartment volumes and colocaliza-
tion is performed as described in Supplementary Materials and
Methods online.
Western blot analyses
Western blots were performed as reported in the study by Savignac
et al. (2010).
Reverse-transcriptase–PCR
RNA was isolated from keratinocytes using TRIzol (Invitrogen) and
then reverse transcribed using hexamer primers and Moloney murine
leukemia virus RT (Invitrogen). PCR amplification was performed
using the primers listed in Supplementary Table S3 online.
Dispase mechanical dissociation assay
Keratinocytes were seeded in triplicate onto six-well plates and
cultured in medium containing 0.06 mM calcium. Twenty-four hours
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after increasing of extracellular Ca2þ concentration, cells were
subjected to a dispase mechanical dissociation assay as described
by Ishii et al. (2005). Fragments were counted using a dissecting
microscope (Leica MZ6; Leica Microsystems, Singapore) and final
images were generated using Adobe Photoshop.
Surface biotinylation assay
Keratinocytes were seeded onto six-well plates and cultured in
medium containing 0.06 mM calcium. Four hours after Ca2þ con-
centration increase, keratinocytes were biotinylated as described in
the study by Brittain et al. (2011).
Statistical analysis
Student’s unpaired two-tailed t-test was used for statistical analyses.
*Po0.05, **Po0.01, and ***Po0.001 were considered to be
statistically significant.
Study approval
This study was conducted in compliance with the ethical Declaration
of Helsinki Principles and was approved by the medical ethical
committee of the Purpan Hospital in Toulouse. All patients gave
informed consent.
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